1. Introduction {#s0005}
===============

Neurofeedback training with real-time functional magnetic resonance imaging (rtfMRI-nf) enables self-regulation of brain activation by presenting ongoing brain activation measured with the blood oxygenation level dependent (BOLD) signal ([@bb0345]). Emerging evidence suggests clinical utility of self-regulation of brain activation with rtfMRI-nf training. This includes, but is not limited to, rtfMRI-nf training to major depressive disorder (MDD) patients ([@bb0145]; [@bb0200]; [@bb0370]; [@bb0375]; [@bb0365]; [@bb0410]) and posttraumatic stress disorder (PTSD) patients ([@bb0125]; [@bb0240]). These studies demonstrated that participants can learn to self-regulate feedback target regions as a result of rtfMRI-nf training. Symptom reduction effects, however, have not been consistent and the associations between therapeutic and neurobiological effects are not clear. As our knowledge of the neurofeedback treatment effect on whole brain activation is still limited, more exploratory research on how neurofeedback brain modulation impacts psychiatric symptoms is necessary.

Resting-state fMRI functional connectivity ([@bb0020]) has potential for elucidating brain changes underlying rtfMRI-nf therapeutic effects. This measure evaluates correlations among BOLD signals during rest. Examining the effects of rtfMRI-nf on this spontaneous brain activation could yield insight into if the effect of neurofeedback training extends beyond a training context and results in sustained treatment effects. In fact, the effects of neurofeedback training with fMRI and/or EEG are not limited to a training task but have been observed on resting-state functional connectivity as well ([@bb0170]; [@bb0185]; [@bb0235]; [@bb0295]; [@bb0380]).

Studies also showed that neurofeedback training effects are not restricted to a neurofeedback target region. [@bb0295] examined the effect of rtfMRI-nf training to reduce orbitofrontal cortex (OFC) activity and found changes in connectivity in many brain regions including reduced connectivity with limbic structures and increased connectivity in the dorsolateral prefrontal cortex. [@bb0090] also reported a broad effect of the training in a meta-analysis of rtfMRI-nf training studies. These results suggest symptom reduction may be due to neurobiological changes beyond a targeted region of neurofeedback. The effect of training therefore needs to be examined across the whole-brain to elucidate the neurobiological basis of the therapeutic effect.

For whole-brain comprehensive functional connectivity analysis, a connectome-wide association approach has been proposed ([@bb0300]). This approach uses a nonparametric multivariate analysis of variance called multivariate distance matrix regression (MDMR). This enables a comprehensive search in whole-brain voxel-by-voxel connectivity without an a priori definition of a seed region ([@bb0005]; [@bb0290]). Our previous study ([@bb0220]) investigated the connectome-wide alteration in resting-state functional connectivity between the groups of combat veterans with and without PTSD and non-trauma exposed healthy controls (NC). The study identified altered connectivities for veterans with PTSD compared to NC, including decreased connectivities between the left parahippocampal region and the visual cortex and between multiple left lateral prefrontal regions and salience network (SN) regions. The study also identified altered connectivities for veterans without PTSD compared to NC including decreased connectivities between the left superior frontal region and the posterior default mode network areas, between the precuneus and the right transverse temporal area as well as the left superior temporal area, and increased connectivity in bilateral posterior insula regions. The analysis did not find a significant connectivity difference between the veterans with and without PTSD.

In the current study, we extended our previous analysis of resting-state functional connectivity ([@bb0220]) by examining the effect of the rtfMRI-nf training on resting-state functional connectivity within the same participants. Details regarding the neurofeedback procedure and the effects of the procedure on brain activation during the task have been described in a prior report ([@bb0415]). Participants were trained to increase the feedback signal from the left amygdala by recalling a positive autobiographical memory. Pathological hyperactivity of the amygdala is consistently observed for PTSD patients, both in response to the presentation of a negative stimulus ([@bb0095]; [@bb0105]; [@bb0150]; [@bb0260]; [@bb0270]; [@bb0285]; [@bb0305]; [@bb0310]; [@bb0315]) and at rest ([@bb0175]; [@bb0335]). A meta-analysis demonstrated that the amygdala response is valence-general; it responds to both positive and negative stimulus presentations ([@bb0205]). [@bb0370] indicated that the training to increase left amygdala activity with positive memory decreased amygdala response to negative stimuli. This training approach also demonstrated significant depression symptom reduction resulting from the procedure ([@bb0375]). Given the links between PTSD and abnormal functioning of the amygdala, along with evidence suggesting amygdala-focused neurofeedback reduces depressive symptoms among people with MDD, where abnormal amygdala activity has been observed, it stands to reason that the same rtfMRI-nf training approach has a potential for reducing PTSD symptoms. Indeed, veterans with PTSD showed symptom reduction after the training and the responder rate was larger for the experimental group who received left amygdala neurofeedback than for the control group who received a neurofeedback from a control region (parietal area putatively not involved in emotion regulation) ([@bb0415]). However, there was no significant difference in symptom change between the groups. This suggests that both amygdala neurofeedback and a non-specific effect to the neurofeedback region could have contributed to symptom reduction.

The present report focused on changes in resting-state functional connectivity as a result of the training and how such changes were related to PTSD symptom reduction. We also examined resting-state functional connectivity for combat veterans without PTSD. Combat exposure could leave subclinical alterations in their resting-state brain activation ([@bb0220]). The present study investigated how those alterations were affected by the neurofeedback training. A three-step approach to the analysis of resting-state data was employed to yield a comprehensive exploration of connectivity change. The first analysis investigated resting-state connectivity for the feedback target region, the left amygdala region of interest (ROI). An ordinary seed-based connectivity analysis from the ROI to the whole brain was done to examine altered connectivity for veterans and how that connectivity was affected by the training. The second analysis focused on changes in the abnormal resting-state functional connectivity at baseline that was identified in our previous connectome-wide analysis conducted within the same participants ([@bb0220]). The third analysis investigated a connectome-wide training effect to identify the effect outside of abnormal connectivity. For this analysis, we developed a longitudinal MDMR analysis. The analysis enabled comprehensive examination of training effects and associations with symptom change in whole brain voxel-by-voxel connectivity.

2. Materials and methods {#s0010}
========================

2.1. Participants {#s0015}
-----------------

The participants included in the current analysis were drawn from the same participants described previously by [@bb0220]. Forty male U.S. military combat veterans with PTSD and 22 male U.S. military combat veterans without PTSD (veteran control, VC) participated in the baseline resting-state fMRI scan session. Exclusion criteria included a clinically significant or unstable cardiovascular, pulmonary, endocrine, neurological, or gastrointestinal illness or unstable medical disorder, meeting DSM-IV criteria for substance abuse or substance dependence (other than nicotine) within 3 months prior to screening, endorsing suicidal intent or a suicide attempt within the preceding three months, current or past history of schizophrenia, schizoaffective disorder, bipolar disorder, or dementia, moderate to severe traumatic brain injury, and an inability to complete an MRI scan due to claustrophobia or general MRI exclusions (e.g. shrapnel inside body). Participants with vision and/or hearing loss severe enough to interfere with testing and participants not fluent in English were also excluded. See supplementary material "Veteran participants" section for more details regarding recruitment and inclusion/exclusion criteria. The study was approved by the Western Institutional Review Board (IRB), Puyallup, WA. All procedures were conducted according to the code of ethics of the World Medical Association (Declaration of Helsinki) for experiments involving humans. Participants provided written informed consent as approved by the IRB.

PTSD participants were randomly assigned to the experimental group (PTSD-exp, *N* = 25) where they received left amygdala rtfMRI-nf or to the control group (PTSD-ctrl, *N* = 11) where they received rtfMRI-nf from the left horizontal segment of the intraparietal sulcus, a region not involved in emotion regulation. Participants were blind to which group they were assigned. All VC participants were in the experimental group (VC-exp). The study consisted of seven visits. Several participants quit voluntarily before completing all the sessions. Four PTSD and one VC did not participate in the training sessions. Two PTSD-exp, one PTSD-ctrl, and one VC-exp quit before the second training session (Visit 4), two PTSD-exp, one PTSD-ctrl, and two VC quit before the third training session (Visit 5), and one PTSD-ctrl quit before the post-training resting-state session (Visit 6). As a result, 30 PTSD (21 PTSD-exp and 9 PTSD-ctrl) and 17 VC participants completed 3 sessions of rtfMRI-nf training and the post-training resting-state scan session.

Participants with excessive head motion (\>40 censored volumes, see MRI measurement and image processing section below for details) were excluded from the analysis. Five PTSD and four VC participants in the baseline session and an additional three PTSD and three VC participants who completed the post-training session were excluded from the analysis. If a participant completed the study but baseline data was not available due to excessive head motion, his data was also excluded from the analysis. One VC participant did not complete the last neurofeedback session but performed the post-training resting-state scan. This participant was included in the analysis because the training effect on resting-state functional connectivity for this participant was not significantly different from others.

The current study only included participants who completed both the baseline and the post-training sessions. The final number of samples analyzed in the present study and their mean and standard deviation of age were as follows: *N* = 16 (30 ± 6 years-old) for PTSD-exp; *N* = 6 (31±9) for PTSD-ctrl; and *N* = 11 (36±1) for VC. Groups did not significantly differ in regards to age (*F*\[2,30\] = 1.791, *p* = .184). Motion size (a mean L2-norm of frame-wise displacement) was not different between groups in either session (Baseline: *F*\[2,78\] = 1.292, *p* = .281, Post-training: *F*\[2,30\] = 0.404, *p* = .671).

Of these participants, 8 PTSD participants (8 PTSD-exp) endorsed current MDD comorbidity, 5 PTSD participants (2 PTSD-exp, 3 PTSD-ctrl) endorsed partial remitted MDD comorbidity, and 3 PTSD participants (3 PTSD-exp) endorsed a history of MDD that was fully remitted at study time by the baseline assessment. Two VC subjects who participated only in the pre-training session endorsed a history of MDD that was fully remitted by the baseline assessment. A prior analysis indicated that remitted comorbidity was not related to the baseline connectivity difference for the VC group ([@bb0220]).

2.2. RtfMRI-nf training schedule {#s0020}
--------------------------------

Veteran groups participated in three days of rtfMRI-nf training sessions. Details of the training schedule and the training procedures at each visit are provided in the "Schedules of real-time fMRI neurofeedback (rtfMRI-nf) training" section of the supplementary material and [@bb0415]. Supplementary fig. S1 shows mean feedback signals across training sessions for the participants who completed the post-training session. The participants could keep feedback signal increased during the training although the PTSD-ctrl group had difficulty in increasing the signal at several runs.

Resting-state scans at the 2nd and 6th visits were analyzed as the baseline and the post-training scans, respectively. No rtfMRI-nf training was performed at these visits and the resting-state scan was performed before any other task runs to avoid contamination from another task. The mean intervals between each visit (and its standard deviation) were 14 ± 13, 11 ± 6, 10 ± 7, 13 ± 8, and 11 ± 6 days for visits 1--2, 2--3, 3--4, 4--5 and 5--6, respectively. The mean interval between the last training session (Visit 5) and the follow-up assessment (Visit 7) was 15±7 days. There was no significant difference in the intervals between the groups.

The Clinician-Administered PTSD Scale (CAPS) for DSM-IV ([@bb0025]) and the PTSD Checklist - Military Version (PCL-M) ([@bb0340]) were used to identify PTSD diagnosis and to measure symptom levels. The CAPS was administered at the first and the last visits by a research staff member trained to mastery in administration of the interview. The staff was blind to which group the participants were assigned. The PCL-M was administered at the 2nd to 6th visits. Depression and anxiety symptoms were also measured at the 2nd to 6th visits by the Montgomery-Åsberg Depression Rating Scale (MADRS) ([@bb0225]) and the Hamilton Anxiety Scale (HAM-A) ([@bb0135]), respectively.

2.3. MRI measurement and image processing {#s0025}
-----------------------------------------

The same resting-state fMRI measurement and image processing procedure as described in [@bb0220] were used in both the baseline and the post-training sessions, which is summarized here. A single-shot gradient-recalled echo-planner imaging (EPI) sequence with sensitivity encoding (SENSE) was used for fMRI with imaging parameters of TR = 2000 ms, TE = 30 ms, FA = 90°, FOV = 240 mm, 34 axial slices with 2.9 mm thickness with 0.5 mm gap, matrix = 96 × 96, SENSE acceleration factor *R* = 2. The EPI images were reconstructed into a 128 × 128 matrix resulting 1.875 × 1.875 × 3.4 mm^3^ voxel volume. The resting fMRI run time was 6 min 50s (205 volumes). T1-weighted MRI images were acquired for anatomical reference with magnetization-prepared rapid gradient-echo (MPRAGE) sequence.

Analysis of Functional NeuroImages (AFNI) software ([http://afni.nimh.nih.gov/afni/](http://afni.nimh.nih.gov/afni){#ir0005}) was used for image processing. The process included despike, RETROICOR ([@bb0130]) and respiration volume per time (RVT) correction ([@bb0015]), slice-timing and motion corrections, nonlinear warping to the MNI template brain with resampling to 2mm^3^ voxels using the Advanced Normalization Tools (ANTs) software ([@bb0010]) ([http://stnava.github.io/ANTs/](http://stnava.github.io/ANTs){#ir0010}). Further noise reduction was applied by regressing out three principal components of the ventricle signal, local white matter average signal (ANATICOR) ([@bb0160]), 12 motion parameters (3 shift and 3 rotation parameters with their temporal derivatives), and low-frequency fluctuation (3rd-order Legendre polynomial model) from the signal time course. Any fMRI time point with large motion (\>0.25 mm frame-wise displacement (FD)) along with the following point was censored within the regression ([@bb0275]).

2.4. ROI analysis in the neurofeedback target region {#s0030}
----------------------------------------------------

Baseline resting-state connectivity difference between the groups in the neurofeedback target region, LA and HIPS, were examined to complement the previous connectome-wide analysis ([@bb0220]). LA region of interest (ROI) was anatomically defined using the Jülich histological atlas on MNI template brain ([@bb0075]) provided with the FSL package. Voxels with larger than 50% probability of the left amygdala region were extracted. HIPS ROI was defined as 7-mm-radius sphere centered at x, y, z = −42, −51, 53 mm in the MNI template brain. The first principal component of voxel resting-state signal time-course was used as a seed time-course. The sign of the principal component signal was adjusted to make its correlation with the mean signal positive. The signal was extracted from a fully processed image (after regressing out noise components). Pearson\'s correlations between the seed time-course and time-courses in all other brain voxels were calculated and applied Fisher\'s z-transform (*z* = arctanh(*r*), where *r* is correlation coefficient) to make a connectivity map. This map was subject to the following group analyses.

The baseline abnormality of the ROI connectivity was examined by general linear model analysis with group (PTSD, VC, NC), age, and motion size as predictor variables. For this baseline analysis, we included participants who did not complete the rtfMRI-nf training akin to what we had done previously ([@bb0220]) (see supplementary table S3 for the number of participants in the baseline). The statistical parametric map for the pairwise group contrast was thresholded by *p* \< .005 voxel-wise and family-wise error correction by cluster-extent *p* \< .016 (= 0.05/3 for Bonferroni correction of three group comparisons). A cluster-extent threshold was evaluated by permutation test with 10,000 repetitions ([@bb0080]). An abnormal resting-state functional connectivity found in this analysis was examined its change after the training sessions using a longitudinal analysis described below.

2.5. Longitudinal analysis for the training effect on abnormal connectivity {#s0035}
---------------------------------------------------------------------------

The previous study ([@bb0220]) identified altered connectivity across the PTSD, VC, and NC groups at baseline. The current study examined the effect of rtfMRI-nf training on these abnormal connectivities as well as on the LA connectivity. The training effect was examined by linear mixed-effect (LME) model analysis for longitudinal design. The LME model included fixed effects of session (baseline, post-training), group (PTSD-exp, PTSD-ctrl, VC-exp), session by group interaction, age, and motion size and a random effect of the subject on intercept. The LME analysis was performed with R language and environment for statistical computing (R [@bb0050]) with nlme package ([@bb0265]). Pairwise comparison of the groups was done within the LME fitted model by Tukey\'s multiple comparison method corrected by critical values from multivariate *t*-distribution with lsmeans package in R ([@bb0195]). We also examined an LME model with additional regressors of symptom change and its interaction with session and group as fixed effects to search for a connectivity change that was associated with symptom change. The analysis for symptom association was done separately for each symptom measure only with the PTSD groups. The symptom association in each group within the LME fitted model was also tested with multiple comparison correction using critical values from multivariate *t*-distribution with lsmeans package in R ([@bb0195]). All reported *p*-values for pairwise comparisons and the group-wise test were applied multiple testing correction.

The training effect on the neurofeedback target ROI was also examined in whole-brain voxels. The LME analysis was performed for all connectivities between the ROI and whole-brain voxels. The statistical parametric maps for the main effect of session and the interaction between session and group was thresholded by *p* \< .005 voxel-wise and family-wise error correction by cluster-extent *p* \< .05. Since a permutation test for the LME analysis was computationally too expensive, we used an improved cluster-size simulation with 3dClustSim in AFNI ([@bb0055]). The new approach used an improved spatial autocorrelation function to simulate the null distribution of cluster size that remedies the false positive problem ([@bb0055]).

2.6. Longitudinal MDMR for the connectome-wide training effect {#s0040}
--------------------------------------------------------------

A longitudinal MDMR analysis was performed for a comprehensive investigation of the training effect that was not limited to the abnormal connectivity at baseline. The longitudinal MDMR included the connectivity maps before and after the training for each subject. The distance matrix of these maps was the dependent variable in the MDMR. The design matrix was made following a longitudinal design example in [@bb0355] (example 6 in the appendix of [@bb0355]). This design matrix included session, group (PTSD-exp, PTSD-ctrl, VC-exp), session by group interaction, age, and motion size. In addition, subject-wise factor variables were included in the design matrix. These regressors had 1 at a pair of a same subject\'s samples and 0 for the others. This could regress out subject-wise average effect, so that the longitudinal analysis could find the session and the group effect on within-subject connectivity difference. Exchangeability block of permutation test in the MDMR was defined for each subject. That is, permutation was performed within a subject to randomize session order and then subject blocks were randomly permuted. This permutation randomized the order of the sessions as well as the subject-group correspondence.

We found this design matrix was rank-deficient due to collinearity between the subject-wise regressors and age and motion regressors, which made the MDMR estimation unstable. We solved this problem by orthogonalizing the design matrix using singular value decomposition (SVD) ([@bb0210]). The design matrix was decomposed to *X* = *USV*^*T*^ using SVD. *V*^*T*^ is a transpose of *V*. MDMR analysis can be described as *G* = *Xβ* = *USV*^*T*^*β* = *Uα*, where *G* is a centered negative distance matrix (*G* = *CAC*, where $C = \left( {I - \frac{1}{n}11^{T}} \right)$, $A = \left( {- \frac{1}{2}d_{\mathit{ij}}^{2}} \right)$, *n* is the number of subjects, *I* is the *n* *×* *n* identity matrix and 1 is a vector of *n* 1 s ([@bb0300])) and *α* = *SV*^*T*^*β*. This transformation improved the stability of the analysis because columns of *U* are orthogonal to each other. Pseudo-*F* value can be evaluated by $F = \frac{\mathit{tr}\left( \mathit{HG} \right)/\left( {m - 1} \right)}{\mathit{tr}\left\lbrack {\left( {I - H} \right)G} \right\rbrack/\left( {n - m} \right)}$, where *H* = *UU*^*T*^. SVD does not change the total amount of variance in the design matrix and covariance between the design matrix and distance matrix ([@bb0210]) so that this operation does not change the *F* value except by improving the stability of computation with avoiding a singular matrix. MDMR evaluates an individual effect of regressor using a partial design matrix, *X*~*N*~, which is a design matrix excluding effects of interest columns. Pseudo-*F* value of the effect of interest is obtained by $F_{I} = \frac{\mathit{tr}\left( {H_{I}G} \right)/m_{I}}{\mathit{tr}\left\lbrack {\left( {I - H} \right)G} \right\rbrack/\left( {n - m} \right)}$, where *H*~*I*~ = *H* − *H*~*N*~, $H_{N} = U_{N}{U_{N}}^{T}$, *U*~*N*~*S*~*N*~*V*~*N*~^*T*^ = SVD(*X*~*N*~), and *m*~*I*~ is the number of effects of interest regressors. We note that this procedure with SVD is equivalent to the original MDMR when the design matrix *X* is full-rank.

The processed resting-state fMRI image was down-sampled to 4mm^3^ voxels to apply longitudinal MDMR. Significance of the pseudo-*F* value was evaluated by permutation test with 10,000 repeats and thresholded by *p* \< .005 voxel-wise and family-wise error correction by cluster-extent *p* \< .05. Cluster-extent threshold was evaluated by permutation test. The regions with a significant main effect of interest (sum of the effects of session, group, and the session by group interaction) in the MDMR were used as seed regions for post-hoc connectivity analysis.

A seed-based post-hoc analysis for the significant regions with the MDMR was done in the original resolution images. Seed regions were placed at a peak location of the significant cluster in the MDMR statistical map for the main effect of interest. Peak coordinates in each significant cluster separated by at least 30 mm were extracted. Seed area was a 6 mm-radius sphere centered at the peak coordinates of the MDMR statistical map. Mean signal time-course of the seed area was used as a reference signal to calculate correlations with other voxels. The statistical test of the post-hoc analysis was the same as in the LA ROI analysis using LME and 3dClustSim. We also performed a longitudinal MDMR analysis with additional regressors of symptom change and its interaction with session and group to examine an association between connectivity change and symptom change. The analysis for symptom association was done separately for each symptom measure only with the PTSD groups.

3. Results {#s0045}
==========

3.1. Symptom measure {#s0050}
--------------------

Symptom changes for PTSD patients have been reported in [@bb0415]. The present analysis complemented the previous report by checking to ensure that the rtfMRI-nf procedure did not increase PTSD symptoms for veterans without PTSD (VC group) as well as examining the influence of MDD comorbidity and training intervals.

[Table 1](#t0005){ref-type="table"} shows symptom levels at the baseline and the post-training sessions for the veterans who completed post-training resting-state session. Post-training CAPS scores were not available for five PTSD-exp, one PTSD-ctrl, and one VC participants. Supplementary fig. S2 shows symptom change across sessions. At baseline, significant differences were seen in between the VC and the PTSD groups (*p* \< .01 for all measures in pairwise *t*-test) but there was no significant difference between the PTSD-exp and the PTSD-ctrl groups in any symptom scores.Table 1Symptom measures at baseline and post-training sessions.Table 1BaselinePost-trainingPTSD-expPTSD-ctrlVC-expPTSD-expPTSD-ctrlVC-expCAPS (total)51.7±16.759.2±21.02.6±2.638.2±19.8\*\*\*50.8±30.12.0±2.3CAPS (sub-B)9.9±6.915.2±7.10.0±0.07.5±6.111.2±10.30.2±0.6CAPS (sub-C)19.5±8.522.0±11.10.0±0.014.7±11.0\*\*17.6±18.10.8±1.7CAPS (sub-D)22.1±5.922.0±5.02.6±2.615.9±7.6\*\*22.0±6.01.0±2.2PCL-M42.2±10.649.3±16.819.8±3.036.0±12.8\*45.0±23.518.1±1.4MADRS19.8±8.715.3±13.21.8±2.112.8±8.4\*\*14.0±9.70.7±1.0HAM-A14.9±6.518.3±10.52.2±1.510.4±6.0\*\*14.5±6.71.1±1.4[^1]

LME longitudinal analysis showed a significant main effect of session on CAPS total scores (*χ*^2^\[1\] = 10.257, *p* = .001 with type II analysis of deviance test ([@bb0115])), CAPS Criterion C subscale (sub-C; *χ*^2^\[1\] = 6.226, *p* = .013), CAPS Criterion D subscale (sub-D; *χ*^2^\[1\] = 9.938, *p* = .002), PCL-M total symptom scores (*χ*^2^\[1\] = 9.467, *p* = .002), MADRS (*χ*^2^\[1\] = 7.150, *p* = .007), and HAM-A (*χ*^2^\[1\] = 15.393, *p* \< .001). Significant interaction between session and group was seen on CAPS total scores (*χ*^2^\[2\] = 7.673, *p* = .022), CAPS sub-C (*χ*^2^\[2\] = 7.350, *p* = .025), and CAPS sub-D (*χ*^2^\[2\] = 7.795, *p* = .020). However, a follow-up pairwise comparison on the session effect showed no significant difference between the PTSD-exp and PTSD-ctrl groups in any symptom scores. This was consistent with the previous report that found no difference in average symptom change between exp. and ctrl groups for PTSD patients ([@bb0415]).

The effect of MDD comorbidity (not including partial remitted MDD) on symptom change for the PTSD-exp group was also examined because the PTSD-exp group included participants with current MDD comorbidity while the PTSD-ctrl did not (see supplementary table S1). Significant interaction between session and MDD comorbidity was seen only on CAPS sub-D (*χ*^2^\[1\] = 7.364, *p* = .007). Analysis of session effect for each group of PTSD with and without MDD comorbidity indicated that significant symptom reduction was seen for PTSD patients without MDD (*t*\[9\] = −4.808, *p* = .002) but not for PTSD patients with MDD (*t*\[9\] = −1.242, *p* = .418).

The effect of training intervals on symptom change was also examined by LME analysis with fixed effects of the session, the group, days between the last training session and the post assessment, their interaction as well as a random effect of participants on intercept. The analysis found no significant effect of interval length on symptom changes.

3.2. Connectivity in the neurofeedback target region {#s0055}
----------------------------------------------------

The analysis showed that the PTSD group had significantly lower connectivity between the LA and the left ventrolateral prefrontal cortex (vlPFC) than the NC group. [Fig. 1](#f0005){ref-type="fig"} shows the baseline group difference in the mean connectivity between the LA and the voxels in the left vlPFC cluster for the current study group who complete the post-training session. This connectivity was significantly lower for PTSD-exp compared to both NC (*t*\[55\] = −5.154, *p* \< .001) and VC (*t*\[55\] = −2.639, *p* = .050). MDD comorbidity did not associated with this connectivity alteration in the PTSD-exp group (*t*\[31\] = 0.5001, *p* = .620). No other significant difference of LA connectivity between the groups was found in the baseline analysis. The same analysis for HIPS connectivity at baseline did not find significant difference between the groups.Fig. 1The region with significantly lower functional connectivity from the left amygdala ROI at the baseline session and its change between the sessions. Graphs show the group means and its 95% confidence intervals. Connectivity values are z-transformed correlation coefficients residualized with regard to age and motion.Fig. 1

Longitudinal LME analysis for the mean connectivity between the LA and the left vlPFC cluster showed tendency of main effect of session (*χ*^2^\[1\] = 3.459, *p* = .063) but no significant interaction between session and group (*χ*^2^\[2\] = 3.879, *p* = .144). Analysis for the session effect in each group showed a significant session effect only for the PTSD-exp group (*t*\[29\] = 2.554, *p* = .047). The connectivity was increased after the training for the PTSD-exp group ([Fig. 1](#f0005){ref-type="fig"}). This connectivity change, however, was not significantly associated with symptom change. [Fig. 1](#f0005){ref-type="fig"} also indicated that the PTSD-exp group had lower baseline connectivity than the PTSD-ctrl group although the difference was not significant (*t*\[55\] = −2.152, *p* = .145). A whole-brain longitudinal analysis of the LA and HIPS connectivity with or without an effect of symptom change found no connectivity that was significantly associated with session and symptom change.

3.3. Training effects on abnormal resting-state functional connectivity {#s0060}
-----------------------------------------------------------------------

Supplementary material tables S4 and S5 show the altered connectivity for PTSD and VC compared to NC, respectively, at baseline that was identified in the previous study ([@bb0220]). No significant difference between PTSD and VC was found in this study.

[Fig. 2](#f0010){ref-type="fig"}A shows connectivity that had been altered in the PTSD group at baseline ([@bb0220]) and showed a significant change after training. Connectivity between the supplementary motor area (SMA) and the dorsal anterior cingulate cortex (dACC) was significantly lower in the PTSD group compared to the NC group at baseline. Baseline analysis excluding the participants who did not complete the post-training session indicated that this connectivity was significantly low for PTSD-exp group compared to NC (*t*\[55\] = −5.196, *p* \< .001) and VC-exp (*t*\[55\] = −4.203, *p* \< .001) but there was no significant difference between PTSD-exp and PTSD-ctrl (*t*\[55\] = −1.272, *p* = .577) and between PTSD-ctrl and VC-exp (*t*\[55\] = −2.120, *p* = .155). Longitudinal LME analysis for the mean connectivity between the seed (SMA) and the voxels in the altered connectivity cluster at dACC showed significant main effect of session (*χ*^2^\[1\] = 4.394, *p* = .036) but interaction between session and group was not significant (*χ*^2^\[2\] = 4.328, *p* = .115). Analysis of the session effect for each group showed a significant increase of connectivity only for the PTSD-exp group (*t*\[29\] = 2.758, *p* = .029). This connectivity increase was significantly associated with a decrease of PCL-M in the PTSD-exp group ([Fig. 2](#f0010){ref-type="fig"}B, *t*\[15\] = −3.092, *p* = .007) but not in the PTSD-ctrl group (*t*\[15\] = 1.262, *p* = .226). MDD comorbidity did not associate with the connectivity at baseline and its change after training.Fig. 2Training effect on abnormal connectivity for PTSD. A. Upper panels show seed location identified with MDMR (upper left) and abnormal connectivity region found in a post-hoc analysis of PTSD--NC contrast (upper right). Lower panels show mean connectivity between the seed and the voxels in the cluster of significantly altered connectivity at the baseline. The connectivity value was a z-transformed correlation with regressing out age and motion effects. Error bars show 95% confidence interval of the mean value. B. Association between the PCL-M score change and the connectivity change for PTSD participants are shown with fitted lines. Shadow around the line indicates the 95% confidence intervals of a fitted line. The connectivity change is the change in z-transformed correlations with regressing out age and motion effects.Fig. 2

[Fig. 3](#f0015){ref-type="fig"} shows connectivity that had been altered for the VC group at baseline ([@bb0220]) and showed a significant change after training. Connectivity between the left superior frontal region and the precuneus and the supramarginal gyrus was significantly low for the VC group compared to the NC group at baseline ([Fig. 3](#f0015){ref-type="fig"}A). Baseline analysis excluding the participants who did not complete the post-training session indicated that this connectivity was significantly low for VC-exp compared to NC (*t*\[55\] = −5.443, *p* \< .001) and PTSD-exp (*t*\[55\] = −2.904, *p* = .026). PTSD-exp also had lowered connectivity compared to NC (*t*\[55\] = −2.714, *p* = .041). Longitudinal LME analysis for the mean connectivity between the seed (left superior frontal region) and the voxels in the clusters of significantly altered connectivity showed significant main effect of session (*χ*^2^\[1\] = 12.031, *p* \< .001) but interaction between session and group was not significant (*χ*^2^\[2\] = 3.66, *p* = .160). Analysis of the session effect in each group showed a significant session effect only for the VC-exp group (*t*\[29\] = 3.518, *p* = .004). This connectivity was increased after training for the VC-exp group ([Fig. 3](#f0015){ref-type="fig"}A). All significant clusters for the left superior frontal seed connectivity had a similar connectivity pattern at baseline and its change after training (supplementary fig. S3).Fig. 3Training effect on abnormal connectivity for VC. For each panel A, B, and C, seed location (upper left) was identified with MDMR analysis and altered connectivity region (upper right) found in a post-hoc analysis of VC--NC contrast. Bar and line plots show mean connectivity between the seed and the voxels in the cluster of significantly altered connectivity at baseline. The connectivity value was a z-transformed correlation with regressing out age and motion effects. Error bars show the 95% confidence interval of the mean value.Fig. 3

The hyperconnectivity between the left insula seed and several brain areas for VC compared to NC has been identified in [@bb0220] at the baseline session ([Fig. 3](#f0015){ref-type="fig"}B). Baseline analysis excluding the participants who did not complete the post-training session indicated that this connectivity was significantly high for VC-exp compared to NC (*t*\[55\] = 6.317, *p* \< .001) and PTSD-exp (*t*\[55\] = 3.982, *p* = .001). PTSD-exp and PTSD-ctrl also had increased connectivity compared to NC (*t*\[55\] = 4.039, *p* \< .001 and *t*\[55\] = 6.317, *p* \< .001, respectively). This connectivity was significantly higher for PTSD-ctrl than PTSD-exp (*t*\[55\] = 3.304, *p* = .009), despite random assignment of the groups. Longitudinal LME analysis for the mean connectivity between the left insula seed and the voxels in the clusters of significantly altered connectivity showed significant main effect of session (*χ*^2^\[1\] = 11.194, *p* = .004) and interaction between session and group (*χ*^2^\[2\] = 11.354, *p* = .003). Analysis for the session effect in each group showed a significant session effect for the VC-exp group (*t*\[29\] = −3.990, *p* = .001) and for the PTSD-ctrl group (*t*\[29\] = −3.156, *p* = .011). For the PTSD-ctrl group, the decrease in this connectivity was associated with a decrease in CAPS sub-D (hyperarousal) symptoms ([Fig. 3](#f0015){ref-type="fig"}B, *t*\[10\] = 2.754, *p* = .020). All significant clusters for the left insula seed connectivity had a similar connectivity pattern at baseline and its change after training (supplementary fig. S4).

The hyperconnectivity between the right insula seed and several brain areas for VC compared to NC has also been identified in [@bb0220] at the baseline session ([Fig. 3](#f0015){ref-type="fig"}C). Baseline analysis excluding the participants who did not complete the post-training session indicated that this connectivity was significantly high for VC-exp compared to NC (*t*\[55\] = 8.388, *p* \< .001) and PTSD-exp (*t*\[55\] = 4.606, *p* \< .001). PTSD-exp and PTSD-ctrl also had increased connectivity compared to NC (*t*\[55\] = 4.015, *p* = .001 and *t*\[55\] = 4.290, *p* \< .001, respectively). Longitudinal LME analysis for the mean connectivity between the right insula seed and the voxels in the clusters of significantly altered connectivity showed the significant main effect of session (*χ*^2^\[1\] = 4.637, *p* = .031) and significant interaction between session and group (*χ*^2^\[2\] = 9.466, *p* = .009). Analysis for the session effect in each group showed significant session effect only for VC-exp (*t*\[29\] = −3.485, *p* = .005). All significant clusters for the right insula seed connectivity had a similar connectivity pattern at baseline and its change after training (supplementary fig. S5).

3.4. Longitudinal MDMR for connectome-wide training effect {#s0065}
----------------------------------------------------------

The connectome-wide training effect that was not limited to baseline abnormality was examined using longitudinal MDMR analysis. The analysis, however, found no significant effect of session or interaction between session and group when no symptom change was included in the model. When the change in CAPS sub-D (hyperarousal) score was included in the analysis, longitudinal MDMR found a significant cluster in the right precuneus region for the sum of the effect of interest ([Fig. 4](#f0020){ref-type="fig"}). The LME analysis for the functional connectivity from this region revealed a significant interaction between session and CAPS sub-D score change (*χ*^2^\[1\] = 14.150, *p* \< .001) in the connectivity between the precuneus and the left superior frontal region ([Fig. 4](#f0020){ref-type="fig"}). The interaction between a change in CAPS sub-D score and group was not significant (*χ*^2^\[1\] = 0.017, *p* = .897). The increase in this connectivity was significantly associated with a decrease in CAPS sub-D (hyperarousal) symptoms for the PTSD-exp group (*t*\[10\] = −4.192, *p* = .002). The PTSD-ctrl group also showed a similar trend (*t*\[10\] = −2.015, *p* = .072).Fig. 4Training effect on resting-state functional connectivity identified with longitudinal MDMR. Upper panels show seed location (upper left) identified with longitudinal MDMR and abnormal connectivity region (upper right) found in a post-hoc LME analysis for the interaction between the CAPS sub-D score change and the session. The bottom left panel shows mean connectivity between the seed and the voxels in a significant cluster. The connectivity value was z-transformed correlation with regressing out age and motion effects. Error bars show 95% confidence interval of the mean value. The bottom right panel shows the association between the CAPS sub-D change and the connectivity change for PTSD participants. The shadow around the line indicates the 95% confidence interval of a fitted line. The connectivity change is the difference in the z-transformed correlations with regressing out age and motion effects.Fig. 4

4. Discussion {#s0070}
=============

A comprehensive exploratory investigation of training effects on resting-state functional connectivity showed that changes in connectivity could be observed both in left amygdala connectivity as well as in the SMA, ACC, insula, precuneus, and prefrontal regions. These changes were in the direction of normalizing abnormal connectivity. Connectivity increases between the SMA and the dACC and between the precuneus and the left superior frontal gyrus were associated with a decrease in PTSD symptoms measured by PCL-M and CAPS sub-D (hyperarousal) symptoms, respectively. MDD comorbidity was only associated with changes in the CAPS hyperarousal symptoms. Reduction of this symptom cluster was significant for PTSD patients without MDD comorbidity but not for PTSD patients with MDD comorbidity. These results suggest that the current rtfMRI-nf training approach, which has demonstrated effects in reducing MDD symptoms ([@bb0375]), could be effective in normalizing PTSD-related neurobiological functional alterations. The current results also suggested that the effect on resting-state functional connectivity could not be limited to the feedback target region and the training effect on those regions might be associated with symptom decreases.

There are, however, several open questions in this study such as: the observed baseline difference in functional connectivity between the PTSD-exp and PTSD-ctrl groups, the MDMR analysis found no significant difference between the PTSD-exp and the VC-exp groups, and the association between the connectivity normalization and symptom change. We also note that comprehensive exploratory analyses could increase the false positive rate. We discuss these issues focusing on the changes in resting-state functional connectivity and its association with symptom change.

4.1. Connectivity change in the neurofeedback target regions {#s0075}
------------------------------------------------------------

The PTSD group evidenced hypoconnectivity between the LA and the vlPFC region compared to the NC group at baseline. Amygdala hyperactivity both at rest ([@bb0175]; [@bb0335]; [@bb0360]) and during negative emotion-inducing tasks ([@bb0095]; [@bb0105]; [@bb0150]; [@bb0260]; [@bb0270]; [@bb0285]; [@bb0305]; [@bb0310]; [@bb0315]) has been consistently reported for PTSD. This hyperactivity suggests a failure of emotion regulation that could be instantiated by hypoconnectivity between the amygdala and the prefrontal emotion-regulation regions, including the ventromedial PFC (vmPFC) ([@bb0150]; [@bb0260]) and medial prefrontal cortex (mPFC) ([@bb0155]). [@bb0040] also reported decreased resting-state functional connectivity between the right basolateral amygdala (BLA) complex and the left inferior frontal gyrus for PTSD compared to trauma-exposed controls. The vlPFC has been linked to emotion regulation in many studies ([@bb0045]; [@bb0120]; [@bb0180]; [@bb0245]; [@bb0405]). Taken together, the hypoconnectivity between the amygdala and the vlPFC was consistent with prior research, suggesting dysfunction of emotion regulation in PTSD related to deficient prefrontal activity and its hypoconnectivity with the amygdala.

The hypoconnectivity between the LA and left vlPFC was recovered after the training for the PTSD-exp group, while the HIPS region had no altered connectivity at baseline and no change of connectivity after training in any group. The connectivity change between the LA and left vlPFC may be more pronounced in emotion enhancement training than in emotion suppression training. [@bb0085] indicated that amygdala-vlPFC connectivity was increased during emotion acceptance and decreased during emotion suppression among people with anxiety disorders. [@bb0110] investigated a difference between responders and non-responders to exposure therapy for PTSD in baseline brain response to emotion reactivity and emotion reappraisal tasks. They found that treatment response was associated with high brain activation during an emotion-reactivity task but not associated with an emotion-reappraisal task. This suggests that the treatment effect was not mediated by a reappraisal of emotion, but by accepting and habituating to emotion. Our approach that trained subjects to enhance positive emotion did not involve efforts to suppress or reappraise emotion and, indeed, significant symptom reduction was observed. Taken together, these results suggest that neurofeedback procedures that involve emotion enhancement might be more effective for PTSD treatment than those that involve emotion suppression or reappraisal training.

Although the connectivity increase was significant only for the PTSD-exp group, we could not conclude that the training effect was distinct to the LA neurofeedback. The PTSD-ctrl group had less hypoconnectivity than the PTSD-exp group at baseline that could affect the size of the training effect. This baseline difference was unfortunately emerged despite the use of random assignment to the group and could not be controlled, as we could not predict which participants would complete all sessions.

The LA connectivity change was not associated with PTSD symptom change. This indicated that symptom reduction effects of the rtfMRI-nf training may not be mediated by the modulation of the neurofeedback target region. In fact, we observed several resting-state connectivity changes in regions other than the LA, and some of those changes were associated with symptom reduction. This suggests that rtfMRI-nf training reduced symptoms not because of its localized effect in a target region, but because of the whole-brain co-modulating effect during the training. While the LA feedback signal could be useful for self-monitoring how well an emotional state is induced, there might be a better region to use for feedback in the treatment of PTSD, where activation or connectivity change is directly associated with symptom reduction.

4.2. Connectome-wide training effect {#s0080}
------------------------------------

Several abnormal connectivities that had been identified in a connectome-wide analysis at baseline ([@bb0220]) could be normalized after training. These include the increased connectivity between the SMA and the dACC, which showed hypoconnectivity for PTSD compared to NC at baseline ([Fig. 2](#f0010){ref-type="fig"}A). The increase in this connectivity was significantly correlated with a decrease in PCL-M scores ([Fig. 2](#f0010){ref-type="fig"}B). SMA and premotor regions have been consistently implicated as central nodes of the emotion regulatory network ([@bb0045]; [@bb0120]; [@bb0180]). [@bb0100] suggested that the dorsal-caudal part of the ACC and medial PFC are involved in both expression and reappraisal of negative emotion. [@bb0030] used intracerebral electroencephalography to investigate SMA function in an action monitoring task. They indicated that SMA is a center of performance monitoring that detects errors in action and sends signals to other mPFC and ACC regions to drive action correction. [@bb0085] also showed that dACC activation was increased during emotion acceptance. Taken together, the lowered connectivity between the SMA and dACC at baseline for PTSD might be associated with a deficit in emotion representation and emotion monitoring. The current training approach, which encourages subjects to repeatedly recall memories that elicit positive emotion, may normalize neurobiological mechanisms involved in emotion representation. As a correlated symptom change was seen for the self-reporting PCL-M score - and not for clinician-evaluated CAPS - this connectivity change might be particularly associated with subjective symptom evaluation. Normalized emotion representation, especially for positive aspects of an emotional response, might help to improve a subjective view of the symptom state.

Another connectivity change that could be associated with symptom relief was between the precuneus and the left superior frontal gyrus. The increase in this connectivity was associated with the decrease in CAPS-measured hyperarousal symptoms. This association was discovered in the longitudinal MDMR analysis ([Fig. 4](#f0020){ref-type="fig"}) and no significant abnormality was found at baseline. This effect was found only with an analysis including the CAPS hyperarousal symptoms. This indicated that the connectivity change was not common for all PTSD participants but seen only for the participants with hyperarousal symptom reduction. Considering that both the PTSD-exp and the PTSD-ctrl groups showed the same association between the changes in connectivity and symptom, this connectivity change was not specific to the LA neurofeedback signal but might be associated with symptom reduction in general, regardless of the training procedure. We should, however, note that this result did not indicate that either feedback signal had the same therapeutic effect because the reduction in hyperarousal symptoms was significant only for PTSD-exp but not for PTSD-ctrl group ([Table 1](#t0005){ref-type="table"}).

The precuneus has been implicated in memory retrieval, mental imagery, and self-related processing ([@bb0035]; [@bb0385]). A meta-analysis ([@bb0250]) indicated consistent left superior frontal activity in emotion regulation tasks. The increase of this connectivity, therefore, might be due to repetitive positive memory retrieval during the training. Interestingly, the increase in this connectivity was associated with a decrease in PTSD symptoms, while previous studies indicated abnormal hyperactivity in the precuneus among people with PTSD ([@bb0095]; [@bb0190]; [@bb0230]; [@bb0260]; [@bb0280]). [@bb0065] reported a positive correlation between the precuneus response to trauma-related pictures and subsequent PTSD symptom severity in acute stress disorder patients. Also, paroxetine treatment for PTSD has been shown to decrease resting-state amplitude of low-frequency fluctuation in the precuneus ([@bb0395]). Collectively, these results suggest that elevated precuneus activity in PTSD is a pathological brain alteration. Although the increased connectivity between the precuneus and the superior frontal region could potentially enhance precuneus activity, this connectivity change was not associated with symptom increases, but rather decreases. This increase in connectivity might be associated with better control of precuneus activity or the pathological hyperactivity of the precuneus was specific to negative memories so that connectivity enhancement with positive memory retrieval may not have enhanced the abnormal activity.

It also warrants comment that the correlated symptom change was seen in CAPS-measured hyperarousal symptoms. This symptom measure consists of 'difficulty in falling or staying asleep', 'irritability or outbursts of anger', 'difficulty in concentrating', 'hypervigilance', and 'exaggerated startle response.' These symptoms might be associated with precuneus malfunction in memory retrieval, mental imagery, and self-related processing ([@bb0035]; [@bb0385]). Abrupt happenings of memory retrieval or self-related thought could disturb sleep and concentration and disrupted mental imagery could be associated with irritability, hypervigilance, and startle response. The increased connectivity between the precuneus and the left superior frontal gyrus might help better control on such abnormal activity.

The current results also showed that reduction in CAPS hyperarousal symptoms was significant specifically for PTSD patients without MDD comorbidity. MDD patients often show hyperconnectivity in the default mode network (DMN) ([@bb0140]), and the precuneus is a core part of the DMN ([@bb0325]). The DMN hyperconnectivity is considered to be related to maladaptive rumination in MDD ([@bb0140]). The DMN malfunction with depression comorbidity might interfere with the connectivity change at the precuneus that could result in less reduction of hyperarousal symptoms for PTSD patients with MDD comorbidity.

The increase of precuneus connectivity after training was also observed for the VC group ([Fig. 3](#f0015){ref-type="fig"}A). The VC group showed hypoconnectivity in the precuneus compared to NC at baseline ([@bb0220]). It has been suggested that decreased precuneus activation is associated with efforts to terminate self-reflection of aversive sensations ([@bb0330]; [@bb0350]). The decreased connectivity in the precuneus for the VC group, therefore, could be adaptive in that it promotes healthy recovery by effectively suppressing retrieval of traumatic memories. The recovery of this connectivity might be considered a side effect of repetitive memory retrieval training. Importantly, however, no symptom change was seen for the VC group after the training. This also suggests that the increase of the precuneus connectivity did not enhance pathological activation.

Connectivity normalization for the VC group was also seen in the bilateral insula regions ([Fig. 3](#f0015){ref-type="fig"}B, C). The VC group had hyperconnectivity in these regions compared to NC at baseline ([@bb0220]). This hyperconnectivity was normalized after training. These insula regions were more posterior areas than the anterior insula, which has been consistently reported as hyperactive among people with PTSD ([@bb0270]; [@bb0335]; [@bb0350]). While the mid-to-posterior insula is a region implicated in proprioceptive sensation ([@bb0060]; [@bb0215]), its abnormality among people with PTSD has also been reported ([@bb0320]; [@bb0390]). A connectivity change in the posterior insula region with neurofeedback training was also reported in another rtfMRI-nf study. [@bb0295] performed rtfMRI-nf training for subjects with significant contamination anxiety to reduce orbitofrontal cortex activation while viewing a contamination-related image. They found reduced connectivity in the bilateral mid and posterior insula after training. These suggest that mid and posterior insula regions may also be responsive to emotional and cognitive tasks and a decreased insula connectivity might be a general effect of emotion regulation training.

Interestingly, the PTSD-ctrl group, who had insula hyperconnectivity at baseline, also showed a decrease in this connectivity after training and its change was positively correlated with CAPS hyperarousal symptom change ([Fig. 3](#f0015){ref-type="fig"}B). This also suggests that a change in insula connectivity might not be specifically associated with the neurofeedback signal. The association between the connectivity and symptom reduction, however, is perplexing because hyperconnectivity in both the VC and the PTSD-ctrl groups at baseline suggested this connectivity was not associated with PTSD symptom, while the positive correlation between the changes in connectivity and symptoms suggested an association. We note that we cannot draw definitive conclusions from this result because the number of participants in the PTSD-ctrl group was small. However, this might indicate that baseline abnormality is not necessarily associated with observed symptoms and symptom reduction effects could be seen in the connectivity that is not associated with a symptom levels at baseline. The increased insula connectivity would not be associated with PTSD symptoms as the VC group evidenced this pattern at baseline. A decrease of this connectivity, however, might reduce PTSD symptoms. How such connectivity change works for symptom reduction remains unknown, but the current results with longitudinal MDMR also indicated that a connectivity change that was associate with symptom reduction was observed in a connectivity that was not abnormal at baseline ([Fig. 4](#f0020){ref-type="fig"}). Although the implication of normalizing insula hyperconnectivity is not entirely clear, it is important that no exacerbation of PTSD symptoms was observed for the VC participants and even a correlated symptom reduction was seen for the PTSD-ctrl group.

4.3. Connectivity difference between veterans with and without PTSD {#s0085}
-------------------------------------------------------------------

The connectome-wide analysis at baseline ([@bb0220]) did not reveal significant connectivity differences between veterans with PTSD versus without PTSD (VC). The current longitudinal MDMR analysis also did not find significant differences between the PTSD and the VC groups. A similar non-significant difference in resting-state connectivity between veterans with and without PTSD has been reported by [@bb0070]. They found no significant difference in the DMN resting-state connectivity between veterans with PTSD and combat-exposed controls but found significant differences between veterans and never-traumatized healthy controls. This indicated that combat exposure could alter resting-state connectivity regardless of the presence of PTSD.

We, however, note that no statistically significant difference does not necessarily indicate group equivalence. We observed alterations of resting-state functional connectivity specifically to either the PTSD or VC groups compared to the NC ([@bb0220]). In addition, abnormality of resting-state connectivity could have large variability within a group that limits the sensitivity to see group differences. In fact, the baseline difference between the PTSD-exp and PTSD-ctrl groups indicated that the abnormality in the group was not homogeneous. We also note that the non-significant difference could be due to limited sensitivity of MDMR analysis, which is discussed in the next section.

4.4. Limitations {#s0090}
----------------

The major limitation of the current study was the small number and biased sample of PTSD-ctrl participants who completed the training sessions. Despite random assignment, there were large baseline differences between the PTSD-exp and the PTSD-ctrl groups in functional connectivities (e.g. [Fig. 3](#f0015){ref-type="fig"}B). We could not control for this group difference because we could not predict which participants would complete the feedback sessions. Due to this limitation, inferences regarding the specificity of training effects resulting from left amygdala-focused neurofeedback remain tentative. Training effects may not be specific to the neurofeedback but rather due to positive autobiographical memory recall. However, prior work has documented that positive memory recall did not improve mood ratings for depressed individuals ([@bb0165]), suggesting that in the current study positive memory recall alone would not likely reduce symptoms. It is possible that the neurofeedback signal could enhance induction of a positive emotional state, which would explain why more patients showed symptom reduction in the PTSD-exp group compared to the PTSD-ctrl group ([@bb0415]).

We should also note a limited statistical significance due to a comprehensive exploratory approach in this research. Although the abnormal connectivity was identified with a stringent whole-brain correction in our previous study ([@bb0220]), the present analysis for the longitudinal effect was not corrected for multiple testing among the connectivities. The longitudinal MDMR analysis, while applied a stringent whole-brain correction, was also performed for several symptom scales. The present results, therefore, should be considered tentative and need further confirmation in future work. Notwithstanding the limited significance, we think the results of this exploratory analysis merit considerations because they may point to novel hypothesis for future confirmatory research.

A limited sensitivity of the longitudinal MDMR analysis also merits comment. Indeed, while the ROI analysis for left amygdala connectivity detected significant hypoconnectivity for PTSD at baseline, this was not detected in the MDMR analysis ([@bb0220]). Also, significant connectivity changes that were detected when we focused on abnormal connectivities at baseline were not detected by the longitudinal MDMR. These dissociations suggest limited sensitivity of the MDMR analysis. Limited sensitivity was also due to an MDMR analysis mechanism. The MDMR evaluates between-subject distance of connectivity maps and this distance measure could be relatively insensitive to connectivity change between small regions because it summarizes the differences in a large dimensional connectivity map into one measure. The distance measure is also insensitive to how connectivity maps differ so that the same distance could be derived from different changes in connectivity patterns. These limitations could explain the dissociation between the results of ROI-based analysis and MDMR analysis. We need to note that a non-significant result of MDMR should not be interpreted as strong evidence of a negative finding. As there is no perfect analysis to investigate changes in whole-brain connectivity, the present study performed analyses for the amygdala ROI, pre-identified abnormal connectivity, and whole-brain connectome-wide.

We also did not consider individual variability of training success in the training sessions for the resting-state analysis. Including such variability might improve the sensitivity of the analysis to detect the effect of training on resting-state connectivity. We note, however, that since the treatment effect could be associated with brain regions other than the neurofeedback target region, training success might not be defined only by the regulation of the feedback target region. We will require further comprehensive investigation to elucidate the association between the brain activation during the training and changes in symptom and resting-state connectivity.

5. Conclusions {#s0095}
==============

Comprehensive investigations for the effect of rtfMRI-nf training to increase left amygdala activity with positive memory retrieval on resting-state functional connectivity suggested that the training effect was not restricted to the feedback target region but could be seen in multiple connectivities that were associated with emotion regulation and memory retrieval, including the lateral prefrontal cortex, SMA, dACC, precuneus, and posterior insula regions. A connectome-wide approach using MDMR enables exploratory analysis of connectivity. Despite the limited sensitivity of MDMR, this approach is promising for connectome-wide investigation of training effects on brain functional connectivity. Interestingly, the symptom reduction did not appear due to a connectivity change in the amygdala, but rather due to connectivities between the SMA and dACC and between the precuneus and the left anterior frontal region. This suggests a neurofeedback effect on symptoms may be due to a larger brain network than only the targeted region. While these results need to be confirmed by further confirmatory researches, they may provide valuable insight into the treatment effect on the whole brain resting-state connectivity.

The connectivity changes suggested in this study might involve correcting emotion representation and memory retrieval. Such an effect could be promoted by positive emotion enhancement training rather than suppressing or reappraising negative emotions. Many rtfMRI-nf treatment studies have focused on decreasing abnormal activity ([@bb0125]; [@bb0145]; [@bb0200]; [@bb0240]; [@bb0255]; [@bb0295]; [@bb0400]). However, promoting positive emotional experience might help correct abnormal emotion representation and could have the same, if not more of, a therapeutic effect in treating the biological underpinnings of dysregulated emotion and mood disorder symptoms ([@bb0375]). Future development of rtfMRI-nf training methods may benefit from further testing of training approaches that promote healthy emotional brain responses rather than suppress abnormal responses.
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[^1]: Means and standard deviations of symptom measures at the baseline and the post-training sessions. CAPS: Clinician-Administered PTSD Scale; CAPS (sub-B): CAPS Criterion B subscale, re-experiencing symptoms; CAPS (sub-C): CAPS Criterion C subscale, avoidance and numbing symptoms; CAPS (sub-D): CAPS Criterion D subscale, hyperarousal symptoms; PCL-M: MADRS: Montgomery-Åsberg Depression Scale; HAM-A: Hamilton Anxiety Rating Scale. \* (*p* \< .05), \*\* (*p* \< .005), and \*\*\* (*p* \< .001) indicate significant (corrected *p*-values) symptom change between the baseline and the post-training sessions.
